background: In order to select the best blastocyst for transfer, in humans, three morphological parameters have routinely been used, i.e. degree of blastocoele expansion and appearance of both the trophectoderm (TE) and the inner cell mass (ICM). Although it has been shown that blastocysts with highest scores for all three parameters achieve highest implantation rates, their independent ability to predict pregnancy outcome remains unclear.
Introduction
Today, within the IVF community, a large research effort is directed towards developing reliable methods for selection of the most viable embryo from the patient's cohort of embryos. The aim of this effort is to attain high pregnancy rates while keeping the incidence of multiple pregnancies at a minimum. Historically, high pregnancy rates have been largely reliant on multiple embryo transfer practices and less dependent on selection methods. However, a growing number of countries have implemented legal restrictions and guidelines to minimize the transfer of multiple embryos (Bergh, 2007; Karlstrom et al., 2007; ASRM Practice Committee, 2008; Kutlu et al., 2011; Maheshwari et al., 2011) . These restrictions have not only increased the use of single embryo transfer (SET), but have led many IVF laboratories to search for alternative approaches for identifying viable embryos.
Blastocyst transfer is one approach being used and has been found to achieve higher implantation and live birth rates compared with cleavage stage embryos (Gardner et al., 1998a,b; Blake et al., 2007; Papanikolaou et al., 2008) . Delaying transfer and prolonging embryo culture to the blastocyst stage is argued to improve uterine and embryonic synchronicity, and selection of the most viable embryo(s). Because of improved culture media systems, the proportion of embryos reaching the blastocyst stage has increased (Schoolcraft et al., 2001; Mercader et al., 2003; Sepulveda et al., 2009; Wirleitner et al., 2010) . This notable increase means that several blastocysts are available for selection at the time of transfer.
Although many new methods of embryo selection are being investigated, none other than morphology is routinely being used. A morphological grading system, first described by Gardner and Schoolcraft (1999) more than a decade ago, is widely used for selecting blastocyst(s) for embryo transfer. According to this system three parameters are graded: degree of blastocoele expansion and hatching status (one up to six); size and compactness of the inner cell mass (ICM) (highest score A, then B and C); and the cohesiveness and number of trophectoderm (TE) cells (A, B and C). Many investigators have verified the validity of this grading system and shown that transfer of two or more top-scoring blastocysts (high grades for all three parameters) achieve the highest implantation rates (Balaban et al., 2000 (Balaban et al., , 2006 Gardner et al., 2000 Gardner et al., , 2004 . More recently, an expert panel of scientists agreed on a consensus on embryo assessment and based their criteria for blastocyst grading on Gardner and Schoolcrafts' system (Alpha Scientists In Reproductive M et al., 2011a,b) . The only changes are new numerical references for the different grades of each parameter. A similar system has also been developed in the USA (Racowsky et al., 2010) . Nevertheless, it is still a challenge to select the best blastocyst from a group of sibling embryos with varying grades for each of the morphological parameters when performing SET on Day 5. To make this decision, it is necessary to understand each parameter's contribution to the implantation potential of a blastocyst. Several earlier attempts have been made to determine the separate impact of each parameter on implantation outcome, and even rank their importance. Some investigators have shown that timing of blastocoele development and grade of expansion are important predictors of implantation (Dokras et al., 1993; Shapiro et al., 2000 Shapiro et al., , 2008 Yoon et al., 2001) . Others have reported a relationship between size and shape of the ICM and implantation (Balaban et al., 2000; Richter et al., 2001; Shapiro et al., 2001) . Interestingly, TE cells have either been reported to have a positive association with implantation or no association at all (Gardner et al., 2000; Richter et al., 2001; Zaninovic et al., 2001) . Unfortunately, due to multiple transfers or grouping of blastocysts with heterogeneous grades for each parameter, the independent affect of each parameter on implantation is diminished and/or ambiguous in these studies. For example, blastocysts of grade A ICM and grade B TE are often grouped with blastocysts of grade B ICM and grade A TE. There may however be small differences between the viability of these embryos, which could be utilized when selecting the best blastocyst for transfer. Interestingly, the Istanbul consensus did not address this ambiguity, but did suggest that ICM grade is more important for determining the implantation potential of a blastocyst (Alpha Scientists in Reproductive et al., 2011a,b) .
As it remains unclear which parameter(s), if any, should be prioritized as having the highest grades(s), the grading system described has only a limited value for selecting the most viable blastocyst. Our clinic has been performing SET at the blastocyst stage for a number of years. Unlike the above-mentioned research, we were able to analyse the outcome of each blastocyst from our patient database and compare these individual parameters as independent predictors of live birth outcome. The aim of this study was to determine the predictive value of each morphological parameter, grade of expansion, TE, and ICM, in relation to live birth.
Materials and Methods

Patients, stimulation protocol, IVF and embryo culture
In this study, a retrospective analysis of all patients (n ¼ 1117 transfers, 968 patients) who received a fresh single blastocyst transfer on Day 5 at our clinic, from January 2006 through to June 2010, was performed. Causes of infertility were allocated into one of the following three groups: (i) female, including tubal factor, sterilized, polycystic ovary disease, endometriosis and hormonal indications; (ii) male factor and (iii) unexplained, which also included mixed and other indications.
Stimulation protocols were performed as previously described (Hardarson et al., 2008 At 16 -18 h after insemination (Day 1), fertilization was confirmed by the presence of two pronuclei and zygotes were placed into individual droplets of 25 ml Cook cleavage media, for culture through the cleavage stages. On Day 2, embryos were placed into individual droplets of 25 ml Vitrolife CCM medium (Vitrolife AB, Sweden) for culture to the blastocyst stage (Day 5 -6). The blastocysts were graded according to Gardner and Schoolcraft (1999) . There was a total of eight embryologists grading the blastocysts over the 5 years study period. All blastocysts were assessed by two embryologists before assignment of the blastocysts grade, reducing the intra-variability of grading. An embryo with a grade ≥ 3 BB was considered a good-quality embryo (GQE). Grading of morphology is a qualitative method and can be subjective. To avoid intra-and inter-clinic variability in our assessment of embryos, we annually perform an internal and external validation. Briefly, together with four other clinics, we individually grade embryos (recorded by video) at all stages of development and of various grades. The results are then summarized and discussed to ensure that we are homogenous in our assessment of these embryos both within the group and in relation to other clinics.
Clinical outcome
Live birth was the primary outcome. The live birth rate was defined as the number of live births out of the total number of transferred embryos.
Statistical analysis
All statistical analyses were performed by using SAS version 9.2.
Continuous variables were described with mean, SD and range, while categorical variables were described with n and %. For prediction of the clinical outcome live birth, generalized estimating equations (GEE) models were used as they allow for adjustment of within-individual correlation. Univariate GEE models were performed to identify the confounders that statistically significantly affect the outcome. The selected confounders were then included in the multivariable GEE analysis when investigating the effect of blastocoele expansion, ICM and TE grade on the live birth rate.
Stepwise logistic regression was used for selection of independent statistically significant predictors among the morphology variables and the confounders. Once variables were selected, the GEE models were performed including the selected variables to obtain the odds ratios (ORs), 95% confidence intervals (CIs) and associated P-values.
All significance tests were two-tailed and conducted at the 0.05 significance level.
Results
During the study period, 3532 embryo transfers were performed; of these 1180 (33.4%) were on Day 5. Of the Day 5 transfers, 1117 (94.7%) received a single embryo (968 patients) and are therefore included in this study. The live birth rate was 37.8%. Patient and cycle characteristics compared by live birth outcome are summarized in Table I , as are the individual scores for each morphological parameter of transferred blastocysts. For live birth, lower mean values were found for female age (34.2 + 4 years), FSH total dose (1898 + 744) and number of previous cycles (0.70 + 1.1) and a higher mean value was found for number of GQE (3.2 + 1.9). A total of 872 blastocysts were graded for all three parameters and had a live birth rate of 41.7%. A larger proportion of these blastocysts had highest grade for ICM (grade A, 82.7%) compared with TE (grade A, 64.3%). Very few blastocysts with an expansion grade of 0 or 1, or with grade C TE or ICM were transferred. Not surprisingly, the highest percentages of live birth were found for grade 4 blastocysts, grade A ICM and grade A TE.
Part 1: Univariate analysis (GEE models)
Patient and cycle variables that were analysed separately by univariate analysis identified female age, number of GQE, FSH total dose and number of earlier cycles as significant predictors of live birth (Table II) . According to this analysis, the likelihood of live birth decreased for each year the female is older (OR 0.91, 95% CI, 0.89 -0.94; P , 0.0001), for each additional previous cycle (OR 0.86, 95% CI, 0.76 -0.96; P ¼ 0.0096) and for each 500th IU of FSH total dose used (OR 0.83, 95% CI, 0.77 -0.90; P , 0.0001) and the likelihood of live birth increased for each additional GQE (OR 1.18, 95% CI, 1.10 -1.26; P , 0.0001).
For grade of expansion, there was nearly a 2-fold increase in the odds of live birth for grade 3 blastocysts when compared with grades lower than three (OR 1.84, 95% CI, 1.29 -2.63; P ¼ 0.0008). Furthermore, grade 4 blastocysts had a further increased chance of live birth when compared with blastocysts of grade 3 (OR 1.52, 95% CI, 1.15 -2.00; P ¼ 0.0028) (Table II) .
When analysing the effect of ICM and TE grades on live birth rates, we found that for grades of ICM, the likelihood of live birth was statistically significantly lower for grade B compared with grade A blastocysts (OR 0.54, 95% CI, 0.39-0.76; P ¼ 0.0004). Too few blastocysts with grade C ICM were transferred to perform any meaningful comparisons. Statistically significant decreases in the OR of live birth were also observed when comparing lower with higher grades of TE (Table II) . For blastocysts with TE of grade B compared with grade A, the OR was 0.51 (95% CI, 0.39 -0.68, P , 0.0001) and for TE of grade C compared with grade B the OR for live birth was 0.17 (95% CI, 0.04 -0.73, P ¼ 0.0176).
Other patient and cycle variables that did not statistically significantly affect the likelihood of live birth of the sampled population included; BMI, cause of infertility, type of pituitary regulation (antagonist or agonist), number of follicles, number of aspirated oocytes and method of fertilization.
Part 2: Multivariable analysis (GEE models)
When multivariable analysis was performed to separately investigate the independent effect of expansion (n ¼ 1117), ICM and TE (n ¼ 872), while adjusting for significant confounders (female age, GQE, FSH total dose and number of earlier cycles), all three morphological parameters were still found to be statistically significant predictors of live birth (Table III) . Only female age remained a statistically significant confounder in all three models (OR 0.93, 95% CI, 0.90 -0.96, P , 0.0001).
Part 3: Calculated probability of live birth
Stepwise logistic regression was performed using all statistically significant variables (except ICM and TE grade) for all patient data and Day 5 transfer outcomes. This analysis selected female age and blastocoele expansion as the best independent predictors of live birth. A GEE model estimated coefficients for these statistically significant predictors and probabilities of experiencing live birth were calculated for ages 20 -45 with 5 year intervals using the equation: e For categorical variables % (n) is presented and for continuous variables mean + SD (minimum; maximum) is presented. As not all patients had a recorded BMI in the database, the number is provided with the mean (n).
a Significantly different between groups.
Trophectoderm morphology predicts live birth higher 5-year age interval and increases for every higher grade of blastocoele expansion. A second stepwise logistic regression was performed with all significant variables this time including TE and ICM. This analysis selected TE grade and Female age as the best independent predictors of live birth. A predictive model with Female age and TE was constructed to calculate the probability of live birth with the equation: e (Table V) . The coefficients were estimated by the GEE model and higher Female Age decreased the probability for live birth (P , 0.0001), grade B decreased the probability for live birth compared with grade A TE (P , 0.0001) and grade C decreased the probability for live birth compared with grade B TE (P ¼ 0.0172).
Finally, a table of probabilities (Table VI) Expansion: 4 + 5 are categorized together due to very few observations of EXP ¼ 5; 0 was categorized together with 1 due to very few observations with 0 category and no occurrence of event in 0 category; 2 was categorized together with 0 and 1 due to no significant difference in the step 0 + 1 versus 2 in the analysis.
Discussion
The main finding of our study was that for blastocysts transferred in human IVF the morphological appearance of TE cells is the most important morphological parameter for predicting live birth outcome. Furthermore, we found that although blastocoele expansion and ICM morphology were significant predictors in the univariate and multivariate analysis, they were not determined by the stepwise logistic regression as significant predictors of live birth. In the lastmentioned analysis, the predictive power of TE was so strong that it offset the effect of both degree of expansion and ICM grade. This predictive power of TE grade was in many ways, a surprising finding as other studies looking at blastocyst morphology have concluded that TE is not important when a good ICM is present (Balaban et al., 2000; Richter et al., 2001; Shapiro et al., 2001; Kovacic et al., 2004) . For example, Richter et al. (2001) showed that quantitative measurements of ICM size and shape, but not TE and grade of expansion, were related to implantation rates. However, more focus on this investigation was used to define an optimal ICM, whereas characterization of TE was only based on a cross-sectional cell count and no evaluation of the size and shape of TE was included. Likewise, Kovacic et al. (2004) described a grading system, classifying eight morphologic categories of blastocysts (B1 -B8) and showed a significant decrease in implantation and live birth rates from categories B1 to B8. This study concluded that a normal ICM was the most important parameter for implantation. However, from the description of categories B1 and B2, the only morphological difference was a poorer grade of TE and this in turn resulted in an 18 and 13% decrease in implantation and live birth rates, respectively. A similar decrease in live birth of 16% was also shown by our data when TE grade decreased from A to B, illustrating the impact of TE on live birth outcome even when a normal ICM was present.
The strength of this study design is the large number of SET with blastocysts. This gives us a unique possibility to analyse the impact of the three morphological parameters on live birth outcome with good statistical power. To our knowledge, only one other study has reported the separate impact of each grading parameter after SET (Zaninovic et al., 2001) . In their study, the investigators used x 2 analysis to compare the outcomes of a small group of blastocysts (n ¼ 156) transferred on Day 5. Consistent with our results, this study found that grade of TE was more predictive of implantation, with no significance for ICM morphology or blastocoele expansion. Possible mechanisms through which a higher grade of TE better predicts live birth outcome may be linked to improved TE function. It is plausible that at this stage of embryo development, a blastocyst ready to start the complex process of implantation needs healthy TE cells that have the capacity to invade the endometrium (Norwitz et al., 2001) . For example, TE secretion of hCG plays a critical role in maternal -embryo crosstalk and establishment of a successful pregnancy. This secreted protein initiates early recognition of the preimplantation embryo and acts as a LH superagonist to rescue progesterone synthesis and secretion by the corpus luteum (Niswender et al., 2000; Van De Sompel et al., 2008) . hCG has also been shown to modulate the receptive endometrium to facilitate implantation and induce immunological tolerance (Licht et al., 2001a,b; Tsampalas et al., 2010) . Interestingly, higher grades of TE have been shown to secrete hCG at earlier time points and at higher levels in culture and this secretion has been shown to occur at the same time for both hatched and zona-enclosed blastocysts (Dokras et al., 1993; Lopata, 1996) . So, higher grades of TE may translate into more hCG producing cells and higher levels of hCG leading to a strengthened signalling capacity of the unimplanted blastocyst. Furthermore, studies looking at gene expression profiles of TE biopsies have been able to illustrate a strong correlation with pregnancy outcome (Jones et al., 2008; Parks et al., 2011) . In humans, comparative microarray analysis of pooled TE samples identified over 7000 transcripts expressed exclusively in blastocysts that lead to live births. A significant majority of these transcripts belonged to gene families involved in cell adhesion and cell communication, key functions of TE. Similar studies in mice have been able to show distinct gene expression profiles of individual blastocysts and correlate these profiles to both successful pregnancy and pregnancy loss. Overall, these studies demonstrate the importance of TE function for successful pregnancy, and in respect to our findings the relationship of TE morphology to gene expression profiles would be of interest for future studies.
More recently, one study revealed that aneuploidy has a negative effect on blastocyst morphology (Alfarawati et al., 2011) . Of interest, this study showed that poorer grades of TE cells had a higher incidence of monosomies and abnormalities involving more than one chromosome or large chromosomes, suggesting that certain types of aneuploidies can affect TE morphology. Many studies have shown a weak link between aneuploidy and morphology for cleavage stages embryos, but the affect of aneuploidy on blastocyst morphology has been less well explored (Staessen et al., 1998; Hardarson et al., 2003; Magli et al., 2007; Munne et al., 2007; Eaton et al., 2009) . For cleavage stage embryos, aneuploidy is not thought to explain poor morphology, however at the blastocyst stage, it may be that with the activation of the embryonic genome aneuploidy begins to affect morphology. Although it still can be agreed that good morphology cannot guarantee selection of euploid embryos at any stage of development in vitro, Alfarawati et al. have demonstrated that selection of top-scoring blastocysts may avoid 'severe' chromosomal abnormalities.
Another finding in our study was the significance of blastocoele expansion for predicting live birth, in the absence of TE and ICM. This result is consistent with many other studies which have shown that the rate of development and the day of blastulation are associated with implantation and pregnancy rates (Shoukir et al., 1998; Shapiro et al., 2001; Racowsky et al., 2003) . As this association is only evident in fresh blastocyst transfers and not in frozen-thawed transfer cycles, it is probably more related to embryo-endometrium synchrony than the viability of the blastocyst. Although our results support this suggestion they also show that once an expanded blastocoele develops and the ICM and TE can be graded (from expansion grade 3), the predictive value of grading expansion is not as significant as grading TE. In fact, the extent of blastocoele expansion is related to TE grade, as the number and cohesiveness of the TE will reflect the capacity of the blastocyst to efficiently pump ions into the cavity, causing an influx of fluid, and then to prevent leakage of the fluid, by formation of tight junctions, so that the blastocoele expands. As such, grading of expansion past grade three may not be necessary. As this study was retrospective, blastocyst selection was based on existing selection criteria and bias within our laboratory. It is evident from our data that we have been selecting higher grades of ICM in favour of higher grades of TE. As in many other IVF laboratories and without proper evidence, the ICM has been considered the most important predictor of pregnancy/live birth, with the main rationale being that ICM contains the cells that will give rise to the growing fetus. However, the present study suggests that a good TE is more important and we can only re-rationalize that further development of ICM in vivo cannot occur without a functional TE establishing implantation. This is clearly demonstrated by the table of probabilities predicted by the GEE model (Table VI) . From this table, we can begin to understand the overpowering affect of the TE, as for example, a 4BA (Expansion, ICM and TE) has a greater chance of live birth than a 4AB blastocyst for all female ages, and interestingly a 3BA has a greater chance of live birth than even a 4AB. This prediction suggests that there is further possibility of improving our selection criteria by more correctly using the morphological parameters we are grading. Of course, a prospective randomized study will be needed to truly determine if the selection of blastocyst with higher grades of TE, compared with ICM, can improve live birth rates.
